Summary Nitrogen-fixing plant species may respond more positively to elevated atmospheric carbon dioxide concentrations ([CO 2 ]) than other species because of their ability to maintain a high internal nutrient supply. A key factor in the growth response of trees to elevated [CO 2 ] is the availability of nitrogen, although how elevated [CO 2 ] influences the rate of N 2 -fixation of nodulated trees growing under field conditions is unclear. To elucidate this relationship, we measured total biomass, relative growth rate, net assimilation rate (NAR), leaf area and net photosynthetic rate of N 2 -fixing Alnus glutinosa (L.) Gaertn. (common alder) trees grown for 3 years in opentop chambers in the presence of either ambient or elevated atmospheric [CO 2 ] and two soil N regimes: full nutrient solution or no fertilizer. Nitrogen fixation by Frankia spp. in the root nodules of unfertilized trees was assessed by the acetylene reduction method. We hypothesized that unfertilized trees would show similar positive growth and physiological responses to elevated [CO 2 ] as the fertilized trees.
Introduction
Exposure of trees to elevated carbon dioxide concentration ([CO 2 ]) generally leads to enhanced growth and photosynthesis, especially when nutrient supply is high , Medlyn et al. 1999 . Therefore, species that can improve their nutrient supply in the presence of elevated [CO 2 ], either by root uptake and mycorrhizal symbiosis or by enhanced N 2 fixation (Arnone and Gordon 1990 , Poorter 1993 , Vogel and Curtis 1995 , Vogel et al. 1997 , should respond more strongly to elevated [CO 2 ] than species that cannot maintain an adequate nutrient supply. Relatively few experiments have been performed on symbiotic N 2 -fixing tree species exposed to elevated [CO 2 ], but those involving single species generally report an increase in growth, biomass, nitrogenase activity (per plant) and nodule mass (Norby 1987 , Arnone and Gordon 1990 , Vogel and Curtis 1995 , Tissue et al. 1997 , Schortemeyer et al. 1999 , Thomas et al. 2000 . These responses to elevated [CO 2 ] could be associated with the ability of the plants to export extra photosynthate to increase root nodulation, thereby becoming increasingly independent of the external nitrogen supply.
A key factor in the growth response of trees to elevated [CO 2 ] is the availability of N (Yin 2002) , and the ready availability of soil N is known to reduce N 2 fixation in plants (Woodward 1992) . Nitrogen-fixing trees have been found to respond more positively to elevated [CO 2 ] than non-N 2 -fixing species (see Mooney et al. 1999 ), but it is unclear how elevated [CO 2 ] influences the rate of N 2 -fixation of nodulated trees growing under field conditions. To elucidate this relationship, we grew N 2 -fixing Alnus glutinosa (L.) Gaertn. trees for 3 years in open-top chambers and exposed them to either ambient or elevated atmospheric [CO 2 ] and two soil N regimes. We hypothesized that unfertilized trees would show a similar positive growth and physiological response to elevated [CO 2 ] as fertilized trees (where N 2 fixation is hindered by fertilizer addition).
Materials and methods

Description of site and treatments
From 1994 to 1997, seedlings of A. glutinosa trees were grown in open-top chambers (OTCs) located in a Sitka spruce (Picea sitchensis (Bong.) Carr.) forest in Glendevon, Perthshire, Scotland (National Grid Reference NO311058, 56°12′ N, 36°0′ W). The site was set up by the Forestry Commission (U.K.) in 1992. Long-term mean annual temperature and rainfall at the site is 6.8°C and 1416 mm, respectively. Annual rainfall during the experiment was 1586 mm in 1994, 1073 mm in 1995, and 1320 mm in 1996.
In May 1994, 288 one-year-old alder seedlings obtained from the Forestry Commission's Southern Research Station were planted directly in native soil (an acidic loam of shallow brown earth, locally podzolized, mean pH of 4.7) in eight OTCs and four control plots (24 trees per chamber or plot). The OTCs were octagonal (diameter 3 m, height 3.5 m) and constructed from 3-mm horticultural glass in light-weight aluminum frames. Each OTC and control plot was divided into quadrants separated from one another by plastic barriers that reached 0.4 m below and 0.2 m above the soil surface. Half of the quadrants within each OTC or control plot were planted with alder, the other half with Pinus sylvestris L. In this study, we report observations of the A. glutinosa trees only.
At planting, mean tree height in the ambient [CO 2 ], elevated [CO 2 ] and control treatments was 55.9 ± 15.5, 61.1 ± 9.5 and 61.7 ± 12.7 cm, respectively. By the end of the experiment in 1997, the trees were 4 years old and had reached heights of almost 3 m. The chambers and control plots were set up in a multi-factorial manner, randomized with respect to CO 2 and nutrition, although the control plots (which had the same layout but no OTC) were located non-randomly a short distance away from the chambers. Each OTC was supplied with either ambient (350 µmol mol -1 ) or elevated (ambient + 350 µmol mol -1 ) [CO 2 ]. Liquid CO 2 was delivered under pressure, transformed to gaseous CO 2 by a mass flow system and supplied to the elevated [CO 2 ] chambers , Durrant et al. 1993 . Because atmospheric [CO 2 ] varies diurnally, a constant amount of CO 2 was added to the elevated [CO 2 ] chambers, allowing the [CO 2 ] in these chambers to track ambient atmospheric [CO 2 ]. The [CO 2 ] within the chambers was monitored and controlled by sample and injection subunits that measured [CO 2 ] with an infrared gas analyzer; the process was computer-controlled (see Barton et al. 1993 Table 1 ). The sum of nitrate and nitrite was determined in water by flow-injection analysis based on a colorimetric procedure (Application ASN 62-03/84, Perstorp Analytical, Maidenhead, Berkshire, U.K.). Ammonium was determined in water by flow-injection analysis based on a gas diffusion method (Application ASN 50-03/84, Perstorp Analytical, Maidenhead, Berkshire, U.K.).
Shoot and root biomass determinations
Nine destructive harvests of A. glutinosa seedlings were made from September 1994 to October 1996. One tree in each quadrant in each chamber or control plot was harvested on each occasion (except during the first harvest when two trees per quadrant per chamber were harvested). Trees to be harvested were chosen systematically, with the positions of harvested trees rotating around the quadrants of the chambers. Harvested trees were divided into roots and shoots, except in the second-and third-to-last harvests in 1996 when only shoots were measured, because extracting the roots would have caused too much disturbance to the trees. Tissues were oven-dried for 48 h at 80°C and weighed to determine total biomass per tree at each harvest.
Growth analysis
Relative growth rate (RGR) was calculated from total dry mass per tree according to Beadle (1993) . Trees harvested at t 1 and t 2 were paired based on total tree biomass according to the method of Hunt (1982) , such that smaller trees at t 1 were paired with smaller trees at t 2 , and so forth. We then calculated RGR based on the paired tree dry masses.
Leaf area ratio and net assimilation rate
Direct leaf area measurements were made only in July 1994 (with a leaf area meter) and in May 1996 (the leaf area of 25 leaves was measured with an LI-3250, Li-Cor, Lincoln, NE). For the 1995 data, leaf dry mass, measured at intervals in 1995 and 1996, was converted to leaf area based on mean specific leaf area (SLA; kg m -2 ) for each CO 2 and nutrient treatment in July 1994 (dry mass of leaves divided by SLA). These calculations are based on the assumption that mean SLA did not change substantially over time. For the 1996 data, the relationship between leaf mass and leaf area was calculated in order to extrapolate total tree leaf area from leaf mass (r 2 = 0.821). Leaf area ratio (LAR, total tree leaf area per total tree dry mass) and NAR (net assimilation of biomass per unit of assimilatory tissue, i.e., biomass increment per leaf area) were also determined.
Mean NAR between t 1 and t 2 is given by:
where S is leaf area, M is total biomass and t is time.
The relationship between total biomass and leaf area was linear (r 2 = 0.81) and total biomass and leaf area were not discontinuous functions of time, thus fulfilling the assumptions for integrating Equation 1 and calculating NAR as:
where t is days.
Photosynthesis
During the 1996 growing season, measurements of light-saturated photosynthesis were made with a portable photosynthesis system (Li-Cor LI-6400) with a red and blue light source. Measurements were made at ambient temperature and vapor pressure deficit (VPD), but photosynthetically active radiation in the chamber was always 1500 µmol m -2 s -1 . Measurements were made between 1200 and 1600 h on two unfertilized trees and two fertilized trees per chamber. Two measurements were made on each tree: one at 350 and one at 700 µmol mol -1 [CO 2 ], i.e., ambient-grown trees were also measured at elevated [CO 2 ] and vice versa, to assess whether photosynthetic acclimation had occurred. Healthy, fully expanded leaves were randomly selected from a sunny position 1.8 m from the ground. Leaf area in the gas exchange chamber was always 6.0 cm 2 . There were no significant differences in gas exchange chamber temperature or VPD between CO 2 treatments at any time (P > 0.1; mean temperature in July, August and September, respectively, was 24.0, 23.1 and 20.9°C; mean VPD in July, August and September, respectively, was 1.48, 1.60 and 1.14 kPa).
Foliar nutrient analysis (N, P, K, Mg, Ca)
Leaf samples from the top 20 cm of one tree per quadrant per chamber were taken at regular intervals during the growing seasons. Samples were dried and ground, and 100 mg of dried plant material was analyzed for nutrients by the acid digest method (Allen 1974) . Nitrogen concentration was determined by a gas diffusion method with a flow injection analyzer (Fiastar, Tecator, Wilsonville, OR). Phosphorus concentration was determined by a molybdenum blue method with a flow injection analyzer.
Nitrogen fixation
In August 1995, after seedling establishment, nodules were sampled from the roots of all 12 harvested unfertilized trees and the roots and nodules were washed and weighed (fresh and dry mass). At the final harvest in October 1996, total root mass and total nodule mass were also measured. Nitrogenase activity and relative fixation rates were assessed by an acetylene reduction assay. Root plus nodule samples were placed in a test tube (four replicates per treatment) and the tube sealed with suba-seal. Ten percent of the air was removed from each tube with a syringe and replaced with the same volume of 1% acetylene. Tubes were incubated for 1 h at 25°C and then 1 cm 3 of gas was removed from each tube and injected into a gas chromatograph (GC) to measure ethylene production. Blanks comprised air from test tubes to which no acetylene was added. Peaks of ethylene were compared with ethylene standards injected into the GC to calculate concentrations. Ethylene production was linear during the assay. Nodule and root mass in each tube were determined at the end of the experiment.
Statistical analysis
Biomass and growth data were analyzed as a two-way splitplot ANOVA by a general linear model in SAS 6.11 (SAS Institute, Cary, NC). Factors in this analysis were: CO 2 concentration; chamber presence, which is not independent of the CO 2 factor; and nutrient availability. Sources of variation due to CO 2 treatment, nutrient treatment, [CO 2 ] and nutrient interaction, chamber effect and unit (i.e., chamber number) were calculated by a two-way, split-plot, multi-factorial ANOVA. One error term related to the residuals from the comparison between CO 2 treatments, the other related to the fertilizer treatments. With this experimental design, we identified when the treatments were significantly different and calculated a standard error as an indication of the spread of the data. Acetylene reduction data were subjected to one-way ANOVA, as were the data comparing only the CO 2 treatments without a nutrient factor.
Results
Soil N
There were no significant differences in soil ammonium and nitrate concentrations between fertilized and unfertilized plots exposed to ambient or elevated [CO 2 ] in April 1996 (Table 1 ; P > 0.1).
Total biomass
Cumulative biomass of all harvested trees (the sum of harvest means from September 1994 to October 1996) was higher in elevated [CO 2 ] than in ambient [CO 2 ] (2.553 versus 2.071 kg), but was not significantly different from the control value of 2.536 kg. Elevated [CO 2 ] had a significant effect on total tree biomass in 1995 but not in 1996. Significant differences in total biomass between [CO 2 ] treatments were found in September 1994 and June 1995 (P = 0.059 and 0.002, respectively; see Figure 1 ). Total biomass declined from September 1994 to April and June 1995 but recovered again by August. The lower biomass in April 1995 was due to the lack of new leaves early in the season, whereas in June 1995 the trees were infected by a fungus (Taphrina tosquinetti) that caused leaf wilting and some leaf loss.
No root data were collected during the May and July 1996 harvests, but total aboveground biomass was significantly greater in the elevated [CO 2 ] treatment than in the ambient [CO 2 ] treatment in July (P = 0.042) and almost significantly greater in May (P = 0.084). In May 1996, trees grown in ambient [CO 2 ] had lower mean biomass than trees grown in elevated [CO 2 ] (mean with SE in parenthesis: 114.5 (30.95) versus 157.8 (30.3) g). The corresponding values in July 1996 were 232.2 (65.0) versus 372.9 (76.35) g. However, total biomass at the end of the experiment in October 1996 was not significantly different between CO 2 treatments (P = 0.427). In April 1996, fertilized trees growing in elevated [CO 2 ] tended to have less biomass than fertilized trees growing in ambient [CO 2 ] (P = 0.087; see Figure 1 ). Generally, fertilizer had no effect on total biomass, and there was no interaction between [CO 2 ] and fertilizer.
Relative growth rate
Elevated [CO 2 ] had no significant effect on RGR of total biomass (P > 0.1, Table 2), although there was a trend toward a significant interaction effect of fertilizer and [CO 2 ] on RGR of total biomass (P = 0.058). When trees of similar size were analyzed for RGR to account for any ontogenetic differences, no significant difference was found in RGR between trees in the ambient and elevated [CO 2 ] treatments (0.53 versus 0.47 mg g -1 day -1 ).
NAR
There was a significant effect of elevated [CO 2 ] on NAR between April and December 1995 (P = 0.029), but there was no nutrient or interaction effect on NAR (P > 0.1) (see Table 2 ).
Leaf growth
There was no significant effect of CO 2 or fertilizer on leaf area per tree (data not shown; P > 0.05). Elevated [CO 2 ] significantly decreased LAR in April and June 1995 (P = 0.0087 and 0.0057, respectively) compared with September 1994, but had no significant effect on LAR in August 1995 (P = 0.074) ( Table 3 ). There was a large chamber effect on LAR in April 1995 (P = 0.0003) and in June 1995 (P = 0.0005), but not in August 1995 (P > 0.1).
Photosynthesis
Both fertilized and unfertilized trees grown in elevated [CO 2 ] had significantly higher photosynthetic rates than trees grown 
Foliar nutrient concentrations
Growth in elevated [CO 2 ] did not significantly affect leaf N concentration in 1995 (P > 0.1), but there was a significant effect on leaf N concentration in July and August 1996 (see Table 4 ; P = 0.03 and 0.034, respectively). Leaf P concentration was unaffected by both CO 2 and fertilizer addition in 1995 and 1996 (P > 0.05), with P concentrations ranging from 3.3 mg g -1 in both CO 2 treatments in April 1994 (first harvest), to 3.8 mg g -1 in ambient and 4.1 mg g -1 in elevated [CO 2 ] in April 1995. Fertilizer addition had no significant effect on N or P concentration at any time in 1995 or 1996 (P > 0.05). The presence of OTCs had an effect on P concentration only in April 1995 (P = 0.02) and in May 1996 (P < 0.001). Other nutrients such as Mg, Ca and K were not significantly affected by elevated [CO 2 ] or fertilizer addition (data not shown; P > 0.05).
Nitrogen fixation
Nodules were clearly visible on roots of fertilized and unfertilized trees in both CO 2 treatments. In October 1996, elevated [CO 2 ] had a significant effect on total nodule dry mass (P = 0.014), and there was a trend toward heavier nodules in the elevated [CO 2 ] treatment than in the ambient [CO 2 ] treatment (P = 0.096). Nutrient addition had a significant effect on total nodule dry mass in October 1996, with slightly more mass allocated to nodules of unfertilized trees than to nodules of fertilized trees (P = 0.05). There was no significant difference in total root biomass or nodule biomass per gram of root biomass for any CO 2 or nutrient treatment in 1995 or in 1996 (Table 5) .
Root nodules were smaller and more numerous on trees grown at elevated [CO 2 ] than on trees grown at ambient [CO 2 ], and they were also distributed more evenly across the root system. Nodules on trees grown at elevated [CO 2 ] were more efficient at N 2 fixation (acetylene reduction), on average fixing twice as much N 2 per hour (per nodule and per plant) compared with nodules on trees grown at ambient [CO 2 ], although these differences were not statistically significant (Figure 3 ).
Discussion
Net photosynthetic rate of Alnus glutinosa grown in elevated [CO 2 ] was stimulated throughout the 1996 growing season, but significant CO 2 treatment differences in biomass were found only in September 1994 and June 1995. Relative growth rate was not stimulated by elevated [CO 2 ] in 1995 because net assimilation was increased and LAR was reduced, resulting in no net effect on growth. Mooney et al. (1999) concluded that large CO 2 treatment differences in biomass accumulation occur during dry years when productivity is low. The year 1995 was exceptionally dry in Scotland, with about 400 mm less rainfall than the regional mean for the Glendevon site. In June 1995, trees were infected by a fungus that caused leaf wilting and some leaf loss. The combination of a dry year and fungal attack may have accentuated CO 2 treatment differences in 1995 compared with 1996, even though the trees were watered to field capacity in both years. Previous long-term (more than two growing seasons) field experiments with young and semi-mature trees have also shown an initial stimulation of growth rate by elevated [CO 2 ] that did not carry over into later growing seasons despite increases in overall biomass, stem height and basal diameter (Hättenschwiler et al. 1997, Rey and TREE PHYSIOLOGY ONLINE at http://heronpublishing.com Jarvis 1997, Tissue et al. 1997 Tissue et al. , 1999 . Norby et al. (1996) found no change in RGR in white oak (Quercus alba L.) and yellow poplar (Liriodendron tulipifera L.) in response to elevated [CO 2 ] and attributed this to decreased LAR, as observed in our experiment. In another study with yellow poplar, leaf area was reduced in elevated [CO 2 ] (Norby and O'Neill 1991) and increased total biomass was wholly ascribed to an increase in N. Contrary to many studies (Koike 1995 , Norby et al. 1999 ), elevated [CO 2 ] had no significant effect on leaf area in our study, although allocation of carbon to other parts of the plant was increased because LAR was reduced. Photosynthetic acclimation was detected in leaves grown in elevated [CO 2 ] and measured in ambient [CO 2 ], providing evidence for down-regulation of the photosynthetic apparatus, which was supported by our finding of reduced leaf N concentration in 1996. Photosynthetic acclimation in trees has previously been linked to reduced foliar N (cf. Ceulemans and Mousseau 1994 , Medlyn et al. 1999 , Norby et al. 1999 . The initial lack of a reduction in leaf N in both fertilized and unfertilized trees in the elevated [CO 2 ] treatment in 1995, despite increased total biomass, indicates that the amount of N uptake initially increased with the amount of carbon (see Temperton et al. 2003 for data); otherwise, N dilution would have been observed.
GROWTH AND NITROGEN FIXATION OF ALDER IN RESPONSE TO ELEVATED [C O2]
In addition to increased N uptake from fertilizer in elevated et al. 2003) , more efficient nitrogen fixation could also have contributed to the high leaf N in our study trees. Although elevated [CO 2 ] did not significantly increase nitrogenase activity (as measured by acetylene reduction), values were consistently higher in the elevated [CO 2 ] treatment in 1995 and 1996. Natural variability among trees may have accounted for the lack of a statistically significant effect of elevated [CO 2 ] on N 2 fixation. The acetylene reduction method has been found to underestimate N 2 fixation in both nonactinorhizal species (Minchin et al. 1983 (Minchin et al. , 1986 ) and in Alnus species (Schwintzer and Tjepkema 1997) , although this should not have affected comparison of treatments. Verghese and Misra (2000) found that more N 2 -fixing Frankia species were associated with alder grown at elevated [CO 2 ]. Most single-species studies on the effect of elevated [CO 2 ] on N 2 -fixing species have reported stimulation of growth, nodule mass and nitrogenase activity (Norby 1987 , Arnone and Gordon 1990 , Hibbs et al. 1995 , Vogel and Curtis 1995 , Tissue et al. 1997 , Vogel et al. 1997 , Thomas et al. 2000 . We also observed that root nodules of trees grown in elevated [CO 2 ] are smaller, more numerous and less clumped than root nodules of trees grown in ambient [CO 2 ]. These smaller nodules have a larger total surface area that may enhance their N 2 -fixing capacity (King and Purcell 2001) . Root nodules of unfertilized trees growing in elevated [CO 2 ] had significantly greater biomass than root nodules of unfertilized trees growing in ambient 1056 TEMPERTON ET AL.
TREE PHYSIOLOGY VOLUME 23, 2003 Table 4 . Nitrogen (N) and phosphorus (P) concentrations (mg g -1 ) in leaves of Alnus glutinosa over time in 1996. Values are means (1 SE in parenthesis) of four samples per [CO 2 ] and nutrient treatment. Means within a row followed by the same letter are not significantly different at P < 0.05. There was a statistically significant effect of elevated [CO 2 ] on leaf nitrogen concentration in July and August (P < 0.05). Fertilizer addition did not significantly affect leaf N or P concentrations at any time in 1996 (P > 0.1). [CO 2 ]. Similarly, Norby (1987) reported that nodules of grey alder (Alnus incana (L.) Moench) trees grown in elevated [CO 2 ] had larger masses under nutrient-poor conditions than under nutrient-rich conditions. Ekblad and Huss-Danell (1995) investigated N 2 fixation in Alnus incana in relation to macronutrients and ectomycorrhiza, and found that regulation of fixation was mediated by nodule growth rather than by specific nodule activity. Thus, studies of the effect of elevated [CO 2 ] on N 2 fixation should assess the effect on not only nitrogenase activity but also nodule number, mass and distribution over time.
Most of the CO 2 experiments cited above were short (less than 1 year in length), were conducted in growth chambers, pots or greenhouses, and often involved trees less than 1 year old. Given the more natural conditions of our experiment, with 1-to 4-year-old trees planted in soil in OTCs in the field, it is possible that the response of N 2 fixation to elevated [CO 2 ] was reduced by competition for light or nutrients such as iron, which is important in N 2 fixation. Under more natural conditions, N 2 fixers show less pronounced responses to elevated [CO 2 ] (Schäppi and Körner 1996 , Niklaus et al. 1998 , Mooney et al. 1999 , although Lüscher et al. (1998) reported that, in a free-air CO 2 experiment in fertile grassland, N 2 -fixing legumes showed the highest growth stimulation.
Soil N concentrations measured in early April 1996 did not differ between fertilized and non-fertilized quadrants of the OTCs, suggesting that the system was not N-limited at the beginning of the growing season. Once the trees started taking up nutrients from the soil during the season, however, the unfertilized plots would probably have experienced nutrient depletion (unfortunately, no soil N data are available after April 1996), whereas the fertilized plots would have maintained high nutrient concentrations. The overall lack of an interaction effect between fertilizer addition and elevated [CO 2 ] on growth, photosynthetic capacity and foliar nutrient concentration confirms that Alnus glutinosa trees growing under low soil nutrient conditions exhibit similar growth enhancement as fertilized trees. Unfertilized trees also maintained similar leaf and tree growth rates and leaf nutrient concentrations as fertilized trees. Nitrogen fixation in fertilized trees was not measured because it was assumed that N fixation would not occur under conditions of excess external N availability; however, roots of fertilized trees had visible nodules. Fertilizer addition is reported to reduce N 2 fixation (Woodward 1992 1995), and Thomas et al. (2000) found that elevated [CO 2 ] reduced the inhibitory effect of N fertilization on N 2 fixation in a tropical N 2 -fixing tree. Nitrogen fixation requires not only a source of carbon, hydrogen and phosphorus but also minerals such as iron and molybdenum for reduction of atmospheric N 2 to ammonium. Hence, unfertilized trees that are fixing nitrogen may gradually become limited by or deficient in other minerals such as iron or P. Studies have shown that P limitation affects N 2 fixation in Trifolium repens L. (Almeida et al. 2000) and in more natural systems (Niklaus et al. 1998 ). However, we found no indication of P limitation in our study because leaf P concentration was at or near optimum throughout the experiment (see van den Burg 1985) . Other physical parameters such as soil pH probably did not constrain nodulation or N 2 fixation, because the acidic loam within the chambers at the Glendevon site had a mean pH of 4.7 and nodulation was maximal in Alnus glutinosa at pH 4.9 in an upland Alfisol (Zitzer and Dawson 1992) . Temperature often influences N 2 fixation more than general growth and photosynthesis (Granhall 1981) . Temperature could have been a limiting factor in the response of our trees to elevated [CO 2 ]. The optimum temperature for N 2 fixation in Frankia bacteria in alder is 32°C, whereas the mean temperature at the Glendevon site is 6.8°C. Further studies of the effects of elevated [CO 2 ] on field-grown fertilized and unfertilized trees that focus on changes in nodule size and surface area in relation to N 2 fixation capacity are needed to fully understand the response of Alnus glutinosa to elevated [CO 2 ].
Conclusions
Significant stimulation of photosynthetic rate initially translated into more growth in elevated [CO 2 ], mediated through an increase in NAR. Overall RGR was unaffected, however, because LAR was reduced. Despite consistent stimulation of photosynthesis in elevated [CO 2 ], signs of photosynthetic acclimation, which were linked to reduced foliar N concentration, appeared toward the end of the experiment. Nitrogen fixation was positively affected by elevated [CO 2 ], but to a lesser extent than found in other studies, with nodule mass and specific nitrogenase activity increasing in reponse to elevated [CO 2 ]. Unfertilized trees maintained the same growth and photosynthetic rates, biomass accretion and leaf area as fertilized trees, indicating that Alnus glutinosa trees growing in natural, nutrient-poor ecosystems should benefit from exposure to elevated [CO 2 ].
